Molecular sensing by gastrointestinal (GI) cells plays a critical role in the control of multiple fundamental functions including digestion, regulation of caloric intake, pancreatic insulin secretion and metabolism, as well as protection from ingested harmful drugs and toxins. These processes are likely to be mediated by the initiation of humoral and/or neural pathways through the activation of endocrine cells. However, the initial recognition events and mechanism(s) involved are still largely unknown. This article reviews the current evidence that the chemosensory machinery discovered in specialized neuroepithelial taste receptor cells of the lingual epithelium is operational in enteroendocrine open GI cells that sense the chemical composition of the luminal contents of the gut.
Expression of transcripts encoding members of taste receptor family of G protein coupled receptors (GPCRs) in the GI tract
A family of bitter taste receptors (referred as T2Rs), which are expressed in taste receptor cells organized within taste buds in the lingual epithelium, has been identified in humans and rodents [1] [2] [3] . These taste receptors belong to the G protein-coupled receptor (GPCR) superfamily, which are characterized by seven transmembrane α-helices. Similarly, the GPCRs of the T1R family, namely T1R1, T1R2 and T1R3, have been identified as the receptors that perceive sweet substances and L-amino acids [4, 5] . We determined a total of 36 true T2R genes in the mouse and rat genome with small variations in pseudogene numbers and locations, and identified 25 T2Rs in the human genome [6] .
An important step in the elucidation of the chemosensory mechanisms that operate in the GI tract has been the detection of multiple T2R transcripts in the mucosa of the GI tract of mouse and rat ** [7] . Amplified products were cloned and sequenced, confirming that they are identical to known taste receptor sequences. Examples include transcripts encoding for mT2R108 and mT2R138, whose putative ligands are denatonium benzoate (DB) and phenylthiocarbamide (PTC), respectively [6] . In contrast, RT-PCR using RNA isolated from a variety of other tissues and organs, including liver, heart, kidney, and brain as well as from undifferentiated intestinal epithelial cell lines (IEC-6 and IEC-18) did not detect any of these transcripts ** [7] .
More recently, we have identified the expression of multiple hT2R transcripts in the human colon, including hT2R3, hT2R4, hT2R5, hT2R10, hT2R13, HT2R38, hT2R39, hT2R40, hT2R42, hT2R43, hT2R44, hT2R45, hT2R46, hT2R47, hT2R49, hT2R50, and hT2R60 * [8] . Some of the hT2Rs have known ligands, examples being hT2R38, the PTC receptor [9] , hT2R47, a DB receptor [10] , and hT2R43 and hT2R44, which function as saccharin and acesulfame K receptors and which are activated by aristolochic acid [11] .
Expression of T1R2 and T1R3, the heterodimer receptor broadly tuned to sweet substances [4] , has been demonstrated in the mouse and rat intestine [12] [13] [14] . The transcript for hT1R3, the common subunit of the sweet (T1R2/T1R3) and umami (T1R1/T1R3) receptors, was also detected in human intestine [8, 15] . These studies clearly demonstrated the expression of bitter and sweet taste GPCRs in the mouse, rat and human GI tract.
Expression of the α subunits of gustducin (Gα gust ) and transducin (Gα t-2 ) in GI cells from mouse, rat and humans
Genetic and biochemical evidence indicate that the G protein gustducin mediates T1R and T2R signaling in the taste buds of the lingual epithelium [16] though other G proteins (e.g. transducin and Gi) are also likely be involved in taste receptor signaling [10] . Outside the lingual epithelium, the α subunit of gustducin (Gα gust ) has been localized to gastric [7, 17] , intestinal [7, 18] and pancreatic [19] cells, in agreement with the notion that a taste-sensing mechanism also operates in the GI tract [6, 7] . The mRNA encoding Gα gust was detected in mucosal scrapings of the whole GI tract of mice and rats [7, 15] and confirmed by in situ hybridization [14] . Gα gust has been described in a distinct population of GI epithelial cells in rodents, called brush or caveolated cells * [17] . These cells are characterized by apical and basolateral expression of villin and lack of intracellular secretory vesicles. We confirmed that solitary Gα gust -positive cells contain villin immunoreactivity in the mucosa of the gastric corpus of rodents, but also identified Gα gust -positive cells that do not contain basolateral villin, especially in the antrum and in the intestine [20, 21] . Further studies also identified Gα gust -positive cells with properties of brush cells but also showed expression of Gα gust in other cell types that did not express brush cell markers other than villin [15, 18] . Collectively, these results indicate that there are distinct sub-populations of Gα gust -positive cells interspersed in the mouse GI epithelium [20, 21] .
The α subunit of transducin 2 (Gα t-2 ), which is implicated in taste signal transduction [22] , was also detected in the GI mucosa [6, 7] . The distribution and morphology of Gα t-2 -positive cells in the rodent gastrointestinal mucosa appeared different from those of Gα gust -positive cells [7] , implying that Gα gust and Gα t-2 might be expressed by different epithelial cell types in the GI tract of mice and rats [6, 7] .
Expression of Gα gust by endocrine cells of the GI tract
Gα gust immunoreactivity has been also detected in individual human cells distributed throughout the GI tract [8, 14, 23] . Interestingly, we found that most Gα gust -positive cells coexpressed chromogranin A but not basolateral villin immunoreactivity * [8] , indicating that Gα gust functions in endocrine rather than brush cells of the human GI tract. A similar conclusion was reached in two recent independent studies [14, 23] . Gα gust expression was detected in enteroendocrine cells but not in other epithelial cells of the intestine.
The endocrine cells of the GI tract represent less than 1% of the intestinal epithelium, but as a whole, they constitute the largest endocrine organ of the body, producing and releasing multiple hormones [24] . In the context of molecular sensing, the open enteroendocrine cells respond to luminal signals in the apical side by releasing GI peptides at the basolateral side. For instance, the enteroendocrine L cells, prominently localized in the distal region of the small intestine and the colon, are characterized by production of peptide YY (PYY) and glucagon-like peptide-1 (GLP-1), an incretin that induces glucose-dependent insulin secretion from pancreatic β cells [25, 26] . PYY and GLP-1 also regulate food intake [27, 28] .
Recent studies demonstrated that Gα gust -positive cells contain immunoreactive GLP-1 and PYY * [8] . We also detected co-localization of Gα gust with CCK in I cells (unpublished results), another GI peptide that regulates GI motility and food intake [28] . Studies from other laboratories confirmed co-localization of Gα gust with GLP-1 in mouse * [18] and human duodenal L cells ** [14] and showed co-localization of Gα gust with GIP (glucose-dependent insulinotropic peptide), another incretin that induces glucose-dependent insulin secretion from pancreatic β cells ** [23] .
Although the differentiation pathways leading to specific enteroendocrine cells remain incompletely understood [29] , it appears that there are, at least, two major branches for enteroendocrine differentiation [29, 30] . One leads to cells that express PYY and/or GLP-1 (L cells) or CCK (I cells) while the other corresponds to cells that express serotonin and substance P [29, 30] . Gα gust is expressed by enteroendocrine cells that contain PYY and GLP-1 in humans [8] , but it has also been reported in serotonin-containing cells in the mouse jejunum * [18] . Gα gust -dependent signaling may be operational in both lineages of enteroendocrine cells.
Expression of taste-specific markers in cultures of enteroendocrine cell lines
Cultured cell lines have been used extensively to investigate the organization, signaling pathways and function of intestinal cells. Using RT-PCR and sequencing analysis, we demonstrated that enteroendocrine STC-1 cells express multiple T2Rs, Gα gust , phospholypase Cβ2 (PLCβ2) and transient receptor potential channel M5 (TRPM5) [6, 7, 31] . All these signal transduction molecules have been implicated in taste perception in the lingual epithelium. Recent studies revealed that another mouse enteroendocrine line, GLUTag, also expresses taste-specific signaling elements, including T1R2, T1R3 and Gα gust [14] . Thus, murine STC-1 and GLUTag cells provide good model systems to elucidate signaling pathways and secretory responses elicited by taste stimuli in GI cells.
The rat pancreatic acinar tumor cell line AR42J has neuroendocrine properties, including the presence of microvesicles containing neurotransmitters. Transcripts encoding T2Rs (including rT2R38), Gα gust and Gα t-2 , were also found in these cells [6] . Thus, rat AR42J cells provide another model to elucidate signaling pathways and secretory responses elicited by bitter stimuli in a GI cell system.
Endocrine human intestinal cell lines, including HuTu-80 (secretin-producing) and NCI-H716 (GLP-1 producing), also coexpress Gα gust and receptors implicated in intracellular taste signal transduction [8] . HuTu-80 cells express hT1R3 and multiple hT2Rs, including hT2R38. NCI-H716 also express Gα gust and hT2R38 [8] as well as T1R1, T1R2, T1R3 and TRPM5 [23] .
The fact that enteroendocrine STC-1, GLUTag, AR42J, HuTu-80 and NCI-H716 cells express multiple components of taste signaling is consistent with the hypothesis that endocrine cells of the gut play a critical role in sensing the chemical composition of luminal contents via elements of the chemosensory machinery used by taste receptor cells of the lingual epithelium.
Signal transduction pathways activated by bitter stimuli in GI cells
The precise coupling of T1Rs, T2Rs, gustducin, PLCβ2 and TRPM5 in taste receptor cells remains incompletely understood. The βγ subunits of gustducin, transducin and Gi are thought to stimulate PLCβ2-mediated synthesis of Inositol (1,4,5)phosphate P 3 (IP3) leading to the release of Ca 2+ from intracellular stores, whereas Gα gust appears to reduce the intracellular level of cAMP through activation of phosphodiesterases. An increase in the intracellular Ca 2+ concentration ([Ca 2+ ] i ) could trigger the activation of TRPM5, which in turn promotes membrane depolarization in taste receptor cells. In addition, bitter tastants can also modulate the gating of voltage-sensitive ion channels that mediate depolarization and Ca 2+ influx into the cell (see Fig. 1 ).
Although little is known about the signal transduction cascades initiated by bitter or sweet stimuli in GI endocrine cells, initial results suggest that taste-specific signaling is operational in these cells. For example, STC-1 cells showed a marked increase in [Ca 2+ ] i in response to bitter stimuli, including DB, PTC and cycloheximide (CYX) ** [7] . Subsequent studies confirmed that bitter stimuli induce Ca 2+ signaling in STC-1 cells [31, 32] and other enteroendocrine cells [6, 8] .
The increase in [Ca 2+ ] i induced by DB or PTC in STC-1 cells is mediated primarily by an increase in Ca 2+ influx from the extracellular medium * [31] . L-type voltage-sensitive Ca 2+ channels (VSCCs) mediate influx of extracellular Ca 2+ into neuronal and neuroendocrine cells in response to membrane depolarization [33] . Accordingly, the L-type VSCCs blockers nitrendipine and diltiazem prevented the increase in [Ca 2+ ] i elicited by PTC and DB in STC-1 cells * [31] , indicating that bitter tastants increase [Ca 2+ ] i through Ca 2+ influx mediated by the opening of L-type VSCCs in enteroendocrine STC-1 cells, as indicated in Fig. 1 . 2+ ] i in response to the addition of PTC, DB or CYX [6] . PTC also induced a rapid increase in Ca 2+ signaling in cultures of either HuTu-80 or NCI-H761 cells [8] . Interestingly, different bitter agonists promoted Ca 2+ signaling through different pathways in AR42J cells [6] and STC-1 cells (unpublished results), implying that T2R agonists activate multiple signal transduction pathways in GI cells. DB, PTC, and CYX, did not induce Ca 2+ signaling in multiple cell lines that do not express T2Rs and G proteins implicated in taste reception [6] [7] [8] 31] . These results reinforce the notion that the effects of bitter and sweet compounds on second messenger production in enteroendocrine cell lines are mediated by taste-specific receptors and signal transducers that are expressed in these cells.
AR42J cells, like STC-1 cells, show a marked increase in [Ca

Bitter and sweet agonists induce release of GI peptides in vitro and in vivo
We hypothesized that the robust increase in [Ca 2+ ] i induced by bitter and/or sweet tastants in enteroendocrine cells triggers the release of GI peptides, including CCK, PYY and GLP-1. These peptides activate local neural reflexes and/or vagal afferent pathways and modulate the activity of adjacent or distant target cells, including pancreatic β cells (Fig. 1) .
In line with this hypothesis, DB was shown to be a potent stimulant of CCK release from enteroendocrine STC-1 cells * [31] . Treatment with either EGTA to prevent Ca 2+ influx or nitrendipine prevented the secretory response [31] . We conclude that DB-elicited CCK release is mediated by an increase in [Ca 2+ ] i produced by the opening of L-type VSCCs. Stimulation of NCI-H716 or GLUTag cells with sweet receptor (T1R2/T1R3) agonists, including glucose, sucrose or sucralose, induced an increase in [Ca 2+ ] i and promoted the release of GLP-1 and GIP from these cells ** [14, 23] .
Recent studies have made important contributions to test the operation of these pathways in vivo. Release of GLP-1 leading to an increase in the concentration of this peptide in the bloodstream in response to carbohydrate gavage was not observed in Gα gust -deficient mice and concomitantly, these mice exhibited an impaired release of insulin and more pronounced hyperglycemia ** [23] . In addition, sweet receptor activation also stimulated the expression of the Na+/glucose cotransporter SGLT1 by enterocytes, a response abrogated in mice deficient in either Gα gust or T1R3 ** [14] . In a different study using perfused rat jejunum in vivo, sweet receptor agonists, including artificial sweeteners, induced a rapid increase in the expression of the glucose transporter GLUT2 instead of SGLT1 [13] . These studies provide evidence that expression of taste-specific signaling molecules in the GI tract mediate physiological responses leading to carbohydrate absorption by enterocytes and subsequent regulation of pancreatic insulin release.
Conclusions and Implications
Recent studies have provided striking support for the hypothesis that the molecular pathways that mediate oral taste signaling operate in specific cells of the GI tract. It is now established that taste-specific molecular transducers, including T1Rs, T2Rs, Gα gust , Gα t-2 , PLCβ2 and TRPM5, are expressed by a variety of cell types interspersed in the epithelium of the mammalian GI tract [7, 8, 12, 15, 17, 18, 20, 21] , including endocrine cells. These transducers are also expressed by mouse, rat and human enteroendocrine cell lines that serve as model systems to define signal transduction pathways that mediate chemosensory responses in GI cells [6-8, 12,20,31,32] .
Recent results demonstrating co-localization of Gα gust with GLP-1 and PYY in enteroendocrine L cells from both human * [8] and rodent mucosa [8, 18] are of interest and potential importance. Several lines of evidence indicate that sweet and bitter agonists trigger secretory responses in enteroendocrine cell in culture leading to the output of CCK, GLP-1 and GIP into the medium and sweet agonists administered to mice by gavage elicit a rapid increase in the plasma levels of GLP-1, a response absent in animals lacking Gα gust or T1R3 ** [23] . Interestingly, the peptides released from L cells (GLP-1 and PYY) and I cells (CCK) reduce food intake [28, [34] [35] [36] [37] and mediate an aversive food response in mice [38, 39] . GLP-1 and PYY are implicated in fundamental mechanisms of regulation in response to food intake and may participate in the pathogenesis of the most common metabolic disorders, namely obesity and Type 2 diabetes [28] .
In view of the fact that GPCRs are among the most common targets for currently used therapeutic drugs, the identification of chemosensory GPCRs in GI cells could pave the way for developing novel therapeutic compounds that modify their function in the gut. These results raise the attractive possibility of exploiting the stimulation of the endogenous release of these GI peptides by non-permeable tastants as a novel approach for therapeutic intervention in obesity and Type 2 diabetes.
Figure 1.
A scheme showing that tastant-induced signaling via T2Rs and T1Rs in the apical portion of an open enteroendocrine cell engages gustducin, PLCβ2, TRPM5 and L-type VSCCs leading to an elevation of the intracellular concentration of Ca 2+ . This second messenger in combination with diacylglycerol (DAG)-mediated activation of protein kinase C (PKC) and protein kinase D (PKD) triggers the release of GI peptides into the basolateral portion of the cell. The gut hormones, acting in an endocrine and/or paracrine manner, exert multiple physiological effects. Detailed description and abbreviations can be found in the text.
